This paper analyzes the effect of non-woven polypropylene covers on plant growth and development, frost protection, tuber yield and quality and the economic effectiveness in early potato production. A high income from early potato production is possible under conditions assuring early setting and rapid gain of tuber yield and its marketing when the price is highest. The application of non-woven polypropylene covers accelerates plant emergence by 28 days and the growth and development of plants in the later period, and results in an earlier new potato harvest by up to 2-3 weeks. It also increases the tuber yield and reduces the yield variability in all years. Accelerating plant growth using non-woven polypropylene covers affects not only tuber yield quantity, but also contributes to improvement of the tuber quality, especially by an increase in dry matter, potassium and phosphorus content of tubers and decrease nitrate concentration. Such a method of potato production requires higher incurred input. Increasing the production inputs is effective when the value of the tuber yield increase obtained as a result of plant covering is higher than the costs incurred. A higher productive effect of covering is usually obtained in years with a cold spring and a very early potato harvest date. A considerable tuber yield increase in cultivation under non-woven polypropylene cover results in decreased unit costs and, consequently, the cost-effectiveness of production is higher than without covering. In conditions favouring rapid potato growth, the production costs of 1 kg tuber under cover are higher, which makes production less profitable than cultivation without plant covering.
Introduction
Potato (Solanum tuberosum L.) is a very important crop in the world, both for consumption as a fresh product and for the processing industry. Potatoes play an important role in human nutrition (Camire et al., 2009; Ezekiel et al., 2013; Leszczyński, 2012) . The production profitability of edible potatoes for early harvest is higher compared with other uses. The growing period for early potatoes is extremely short, only 50-80 days from planting to harvest. To obtain a highly marketable tuber yield in such a short period, besides the proper selection of very earlymaturing cultivar and presprouted seed potatoes, good conditions for plant growth must be ensured (Chotkowski et al., 1995) .
The success of potato production for an early crop is dependent to a great extent on the weather conditions in the initial period of plants growth, especially temperature (Nishibe et al., 1989) . Too low soil temperature retards the emergence and inhibits the initial plant growth. Pre-sprouting seedpotatoes can be planted when the soil temperature at a depth of 5-10 cm is maintained at the level of 5-6 °C for several subsequent days. Earlier planting into insufficiently heated soil is risky, since even short, but excessive, overcooling of young plants strongly weakens their further growth and delays obtaining marketable yield. High income obtained from early potato production is possible under conditions assuring early setting and rapid gain of tuber yield, and its marketing when the price is highest. Early potato production must be located in regions were vegetation begins early (Chotkowski et al., 1995) . In the regions with delayed vegetation, new potato crops could enhance using row covers.
Row covers are generally made of flexible transparent or semi-transparent materials and are used to enclose one or more rows of plants in order to enhance crop growth and production by increasing both air and soil temperatures and reducing wind damage (Hamamoto, 1996; Hochmuth et al., 2015; Otto et al., 2000) . The row covers provide the same function as low tunnels. The covering is generally either perforated polyethylene film or non-woven polypropylene because it needs to be lightweight, permeable and airy, but the level of crop protection is different. Polypropylene covers were introduced into agriculture on a large scale in the 1990s. Globally, they are commonly known as non-woven fabric (Cholakov and Nacheva, 2009 ). Non-woven fabric has several other names: non-woven fleece, nonwoven polypropylene, polypropylene fleece, polypropylene film, polypropylene sheeting cover, spun-bonded polypropylene, floating row cover or agrotextile (Olle and Bender, 2010) . Polypropylene cover typically weighs 17-23 g*m -2 and several rolls of material may by joined with adhesive to give a total width of up to 16 m. Since the weight of 1 m 2 of non-woven polypropylene fabric is about 2.5 times lower than the weight of perforated polyethylene film, the covering does not hinder plant development. The polypropylene cover is generally several meters wide and is laid very loosely directly on the planted field and held down along the edges with fabric pins and/or soil. The covering will then float in the wind and expand as plants grow, hence the other name of a "floating cover". The application of polypropylene covers enables earlier potato planting, accelerates plant emergence and the growth and development of plants in the later period and, consequently, results in earlier setting of tubers, rapid yield gain and reduces the yield variability in all years (Cholakov and Nacheva, 2009; Dvořák et al., 2004; Hamouz et al., 2006; Wadas and Kosterna, 2007b) .
Plant growth and development
Profitable yield of new potatoes 60 days after planting can be obtained when the period between planting and plant emergence lasts 15-21 days, with 19-24 days from plant emergence to the end of tuber seeding, and the period of yield accumulation lasts a minimum 20 days (Kubiak and Gaziński, 1996) . The application of non-woven polypropylene covers enables earlier potato planting, forcing plant emergence and, in the case of unfavourable thermal conditions, protects emerging plants against ground frosts. An increase in soil temperature as a result of applying non-woven polypropylene cover in early potato cultivation shortened the period between planting and plant emergence by 2-8 days and accelerated the growth and development of plants in the later period. The acceleration of potato plant emergence due to covering depends on the soil type and climatic conditions ( Table 1 ). The application of covering results in greater acceleration of individual plant development phases in years with less favourable meteorological conditions during the initial period of potato growth. A higher increase in soil temperature (by 12 °C, on average) under perforated polyethylene film resulted in earlier occurrence of successive plant development phases by only 1 or 2 days compared to non-woven polypropylene (Ban et al., 2011; Cholakov and Nacheva, 2009; Hamouz et al., 2006; Lutomirska, 1995; Prośba-Białczyk and Mydlarski, 1998; Wadas and Kosterna, 2007a Plants growing under non-woven polypropylene were more uniform in size, and developed a higher, larger mass of above-ground parts compared to cultivation without covering (Cholakov and Nacheva, 2009; Rekowska and Orłowski, 2000; Wadas and Kosterna, 2007b; ). In the agrometeorological conditions of eastcentral Poland, at the time of cover removal, the plants covered 2 weeks after emergence were, on average, 0.094 m higher, and after a 3-week period of plant covering by 0.117 m higher in comparison to plants cultivated without any covering, while the assimilation leaf areas were 2 and 1.6 times higher, respectively ( Table 2 ). The effect of covering on the assimilation leaf area depends on a high degree on weather conditions. In years with more favourable thermal conditions for early crop potato production, leaving the covering for too late over plants after emergence can hinder the development of the assimilation leaf area, while in the lower temperature, the effect is more favourable (Wadas and Kosterna, 2007b; . When non-woven polypropylene is removed too late after plant emergence, the transmission of photoactive radiation through this cover varied from 85-65%, depending on dust accumulation on the cover and water vapour condensation on the inner surface of the cover (Gimenez et al., 2002) . A change of conditions in the initial period of plant growth as a result of applying non-woven polypropylene cover could advance a new potato harvest by up to 2-3 weeks compared to cultivation without plant covering (Bizer, 1994; Hamouz et al., 2005; Sawicka and Pszczółkowski, 2002) . Table 2 . Effect of using non-woven polypropylene cover on growth of earlymaturing potato cultivars (Wadas and Kosterna, 2007b; Tabela 2. Wpływ stosowania osłon z włókniny polipropylenowej na wzrost wczesnych odmian ziemniaka (Wadas and Kosterna, 2007b; Frost protection
The use of the covers with non-woven polypropylene in potato cultivation provides effective protection from low temperature and frost and significantly reduces plant damage (Bhullar, 2012) . A non-woven polypropylene cover creates a favourable microclimate for potato emergence and growth, even when the ground temperature drops to -7 °C. According to Bizer (1997) and Dvořák et al. (2004) soil temperature at a depth of 10 cm was 3 °C higher compared to the uncovered field.
The increase in soil and air temperatures under cover during daytime depends on the soil type and climatic conditions. A study carried out in the Czech Republic, Germany and Poland showed that soil temperature at a depth of 5 cm under non-woven polypropylene was higher by 1-2 °C, and at the depth of 10 cm by 2-3 °C than the temperature of uncovered soil, while the air temperature at the ground level was higher by 2 °C (Demmler, 1998; Hamouz et al., 2006; Lutomirska and Szutkowska, 1999; Prośba-Białczyk and Mydlarski, 1998; Wadas and Kosterna, 2007a) . Soil temperature under non-woven polypropylene was, on average, 1-2 °C lower than under perforated polyethylene film. The difference in temperatures in afternoon hours was up to 5 °C (Wadas and Kosterna, 2007a) . In Bulgaria, soil temperature at a depth of 5 cm under non-woven polypropylene at 8:00 a.m. was higher by 0.4-2.4 °C in comparison to the uncovered soil, and at 2:00 p.m. on sunny days, up to 4.6 °C (Cholakov and Nacheva, 2009 ). Higher soil temperature, as well as isolation by means of the non-woven polypropylene cover from a relative drop in air temperature at night creates a more favourable microclimate for plant growth. With the use of covers, potato planting can be started when the soil temperature at the depth of 10 cm is about 3-4 °C (Bizer, 1994; Lutomirska, 2006) .
Weed management, diseases and pest control
Non-woven polypropylene covers not only enhance crop development, but also promotes weed growth and development. Pre-plant herbicide should be used prior application of the covers. The use of covers can enhance the development of phytotoxic symptoms of herbicides in potato plants, but with plant growth these symptoms gradually disappears (Pszczółkowski, 2003; Pytlarz-Kozicka, 2011 ).
Covers applied in early potato cultivation can contribute to a faster rate of Phytophthora infestans and Alternaria solani spreading on plants. Higher soil moisture under cover can contribute to a decrease in tubers infected with Streptomyces scabies and Rhizoctonia solani. According to Pszczółkowski and Sawicka (1998) and Masheva et al. (2012) the non-woven polypropylene covers protect potato plants from the Colorado potato beetle Leptinotarsa decemlineata.
Tuber yield
Total and marketable yield of potato are higher when using non-woven polypropylene covers in comparison to non-covered plants. The effect of applied cover on the potato yield increase depends on soil type, climatic conditions, cultivar, and planting and harvesting date (Table 3 ).
In conditions of east-central Poland (the Siedlce Region), covering the crop with nonwoven polypropylene resulted in an increase in marketable tuber yield (diameter above 30 mm) of very early-maturing potato cultivars, on average, by 4.63 t*ha -1 (33%) after 60 days from planting (9-25 June), and by 3.72 t*ha -1 (13%) after 75 days from planting (Wadas et al., 2001) . A similar increase in the early tuber yield of potato was obtained in the central part of Poland (Lutomirska, 1995) . In a later study carried out in east-central Poland (Wadas et al., 2008b) , 60 days after planting (9-16 June), the marketable tuber yield of early-maturing potato cultivars using nonwoven polypropylene was higher, on average, by up to 5.82 t*ha -1 (81%). In south-eastern Poland (the Lublin region), the average tuber yield increase as a result of non-woven polypropylene covering amounted to 7.34 t*ha -1 (72%) 60 days after planting (8-15 June) and 5.51 t*ha -1 (22.5%) at harvest two weeks later (Pszczółkowski and Sawicka, 1999) . According to Rębarz et al. (2015) in conditions of west-central Poland (the Poznań region), plant covering with non-woven polypropylene resulted in an increased marketable yield 60 days after planting (8-9 June), on average, by 1.85 t*ha -1 (28%), and 75 days after planting by 2.88 t*ha -1 (23%). In north-western Poland (the Szczecin region), 55 days after planting (15 June), the marketable tuber yield of new potatoes in cultivation using non-woven polypropylene was higher, on average, by 9.84 t*ha -1 (52%) and 65 days after planting by 7.52 t*ha -1 (27%) in comparison to non-covered plants (Rekowska et al., 1999) . On the other hand, in southwestern Poland (the Wrocław region), plant covering with non-woven polypropylene increased marketable tuber yield of very early-maturing potato cultivars, on average, by 4.50 t*ha -1 (74%) after 60 days from planting (8-15 June), and by 4.70 t*ha -1 (30%) when the harvest was carried out two weeks later (ProśbaBiałczyk and Mydlarski, 1998) . In soil and climatic conditions of the central part of Czech Republic, plant covering with non-woven polypropylene brought about an increase in marketable tuber yield on average by 6.28 t*ha -1 (50%) 60 days after planting (28 May-7 June), and by 5.38 t*ha -1 (22%) when the harvest was carried out one week later , while in Adriatic region of Croatia (Ban et al., 2011) , the increase in tuber yield 60 days after planting (2-10 June) was 3.70 t*ha -1 (12%). In south-eastern Europe (in Bulgaria) the increase in new potato yield as a result of using the nonwoven polypropylene cover amounted, on average, to 8.98 t*ha -1 (32%) 60 days after plant emergence (5-27 May), and 6.21 t*ha -1 (16%) 75 days after plant emergence (Cholakov and Nacheva, 2009 ). In South Asia (Bhullar, 2012) , in the soil and climatic conditions of India's Punjab region, covering the crop with non-woven polypropylene resulted in an increase in total tuber yield 50 days after planting (10 February), on average, by 6.09 t*ha -1 (25%) and marketable tuber yield by 9.17 t*ha -1 (57%). Pszczółkowski and Sawicka, 1999; g Rekowska et al., 1999; h Prośba-Białczyk and Mydlarski, 1998; i Bhullar, 2012. A higher increase of tuber yield as a result of applying the cover is obtained in years with less favourable thermal conditions in the initial period of potato growth. In eastcentral Poland in years with very cold springs, covering the crops with nonwoven polypropylene made it possible to obtain, 60 days after planting, up to four times higher marketable tuber yield than in cultivation without covering (Jabłońska-Ceglarek and Wadas et al., 2008b) , whereas in the central part of Czech Republic, potato cultivation under non-woven polypropylene in a year with an exceptionally cold spring resulted in six times higher marketable tuber yield 60 days after planting (Dvořák et al., 2004; Hamouz et al., 2005) .
Cover has the greatest effect on the potato tuber yield at a very early harvest date, but when harvest is delayed, the yield-increasing effect of covering is reduced (Rębarz et al., 2015) . The study carried out in the central part of Czech Republic showed an increase in tuber yield as a result of applying covers in the period before the end of June, while along with the delay of the harvest date, the difference in the tuber yield in cultivation with and without covering was reduced, to reach an insignificant level by the end of June (Hamouz et al., 2005) .
The application of non-woven polypropylene covers assures a high yield of potato tubers at an early harvest date, provided that the covers are removed at the proper time Lutomirska and Szutkowska, 1999; Wadas et al., 2008b) . The covers are often removed two to three weeks after plant emergence. Leaving the cover over the plants for too late after emergence can hinder the development of leaf assimilation area and reduce the number of setting tubers. In conditions of eastcentral Poland, the length of plant covering period (two or three weeks after plant emergence) did not have any significant effect on the tuber yield 60 days after planting, while for the harvest date delayed by two weeks, the yield was higher when the covers were removed two weeks after plant emergence (Wadas et al., 2008b) .
The application of a non-woven polypropylene cover in the new potato production assures not only a higher tuber yield, but also contributes to improvement in its marketable value due to a decreased share of small tubers, with a diameter below 30 mm, and a simultaneous increased share of large tubers in the yield, with a diameter above 50 mm (Ban et al., 2011; Prośba-Białczyk and Mydlarski, 1998; Pszczółkowski and Sawicka, 2003; Pytlarz-Kozicka, 2011; Rekowska et al., 1999; Rębarz et al., 2015; Wadas et al., 2001 Wadas et al., , 2008b ).
Tuber quality A change in the initial growth conditions of potato plants by applying a non-woven polypropylene cover affects the chemical composition of tubers, and thus their nutritional value. Accelerating plant growth as a result of using covers results in an increase in the amount of dry matter in tubers. New potato tubers usually contain large quantities of water in proportion to their weight. While applying non-woven polypropylene, the dry matter content in tubers was higher by 0.69-2.17% than in cultivation without plant covering (Dvořák et al., , 2008 Hamouz et al., 2006; Jabłońska-Ceglarek and Wadas, 2005; Rębarz et al., 2015; Wadas et al., 2003 Wadas et al., , 2006 . A greater beneficial effect of applying covers, in the form of an increase of dry matter content in tubers, is found for an early harvest date. On the other hand, some authors reported that the application of non-woven polypropylene covers created less favourable conditions for the accumulation of dry matter in tubers of very earlymaturing potato cultivars (Prośba-Białczyk and Mydlarski, 1998; Sawicka and Pszczółkowski, 2005) .
Changed conditions for the initial growth of potato plants as a result of applying the covers resulted in an increase in the starch content in tubers by 0.45-1.46% (Dvořák et al., , 2008 Hamouz et al., 2006; Jabłońska-Ceglarek and Wadas, 2005; Rębarz et al., 2015; Wadas et al., 2003 Wadas et al., , 2006 ) . The application of a cover also created favourable conditions for the accumulation of total sugars, reducing sugars and saccharose in tubers (Sawicka and Pszczółkowski, 2005) . Although covering with non-woven polypropylene did not effect on protein accumulation in tubers. A tendency was observed towards an increase in the ascorbic acid (vitamin C) concentration and a decrease in the concentration of carotenoids and polyphenols compared to cultivation without plant covering (Dvořák et al., , 2008 Jabłońska-Ceglarek and Wadas, 2005; Lachman et al., 2003; Pszczółkowski and Sawicka, 2009; Rębarz et al., 2015; Wadas et al., 2003 Wadas et al., , 2006 . Plant growth acceleration as a result of a non-woven polypropylene covering contributes to an improvement of the tuber quality by reducing the concentration of nitrates, especially for the early harvesting date. The nitrate content of tubers was lower by 29 to 239 mg NO 3 *1kg -1 of fresh weight while applying covers than in a cultivation without plant covering Lachman et al., 2003) . Covering the plants with non-woven polypropylene created favourable conditions for the accumulation of potassium and phosphorus in tubers, but did not affect the accumulation of magnesium (Wadas et al., 2007 (Wadas et al., , 2008a .
Economic results
The use of non-woven polypropylene cover increases the direct costs of new potato production by 30-124% compared to cultivation without plant covering, with the cost of non-woven polypropylene adding around 20-50% to the direct costs. Higher inputs are related not only to the purchase of non-woven polypropylene, but also to labour input for its spreading and removing, as well as for harvesting the crops (Jarka and Chojnacki, 2008; Krzysztofik, 2013; ProśbaBiałczyk et al., 1997; Pszczółkowski et al., 2000 Pszczółkowski et al., /2001 Rębarz et al., 2015; Sawicki, 2005, 2009) . The amount of actually incurred costs depends, first of all, on how many times the nonwoven polypropylene cover is reused. The reuse rate of non-woven polypropylene depends on its mechanical damage, sun radiation and degree of contamination. The physical properties of non-woven polypropylene row cover worsen after UV radiation (Demšar et al., 2011) . When non-woven polypropylene is appropriatelly used and stored, it can be utilized for three consecutive growing season, which significantly decreases its impact on the cost of potato production. Increasing the production inputs is effective when the value of the tuber yield increase obtained as a result of plant covering is higher than the costs incurred. While assessing the costs-effectiveness of early potato production under polypropylene cover, it is important that unit costs provide information about the level of selling price which will balance the costs incurred. In the agro-meteorological conditions of Poland, the production costs of 1 kg of tubers under non-woven polypropylene were 1.2 to 2.1 times higher than cultivation without the cover (ProśbaBiałczyk et al, 1997; Sawicki, 2005, 2009) . Unit production costs were lower than in cultivation without covering only in the year with unfavourable thermal conditions for early crop potato culture, due to high yields obtained in cultivation under non-woven polypropylene. It is more efficient to increase inputs for early potato production by applying non-woven polypropylene under less favourable thermal conditions during the initial period of potato growth. In such a case, a significant yield increase in cultivation under covers balances the costs incurred and makes it possible to obtain a higher direct surplus from production than without covering. The costs-effectiveness of early potatoes production under non-woven polypropylene cover depends on the income-to-costs ratio. Applying a non-woven polypropylene cover in an early crop potato production ensures high costseffectiveness of production in years with cold springs. In conditions favouring rapid growth of potatoes, the production costs of 1 kg tubers under cover are higher, which makes production less profitable compared to cultivation without plant covering.
The application of a non-woven polypropylene cover facilitates a significant increase in income from potato production at a very early harvest date. Along with a delay in harvesting, the effect of applying the cover, reflected in an increase in the tuber yield, decreases in comparison to cultivation without covering (Oplanić et al., 2010; Pszczółkowski et al., 2000 Pszczółkowski et al., /2001 Rębarz et al., 2015) .
Conclusions
To obtain a high early potato tuber yield, good conditions for plant growth must be ensured. The success of potato production for an early crop depends to a great extent on the soil and air temperature in the initial period of plant growth. The application of non-woven polypropylene covers accelerated plant emergence by 2-8 days, and the growth and development of plants in the later period, and consequently, resulted in an earlier new potato harvest by up to 2-3 weeks. It also increased the marketable tuber yield and reduced the yield variability in all years. The direct costs of new potato production under non-woven polypropylene cover were 30124% higher than cultivation without plant covering, and the cost of non-woven polypropylene accounted for 20-50% of incurred costs. The amount of actually incurred costs depended, above all, on how many times the non-woven polypropylene cover was reused. When non-woven polypropylene is appropriately used and stored, it can be utilized for three consecutive growing season, which significantly decreases its impact on the direct cost of potato production. The yieldincreasing effect of applying cover depends on weather conditions and potato harvesting date. A higher productive effect of covering is usually obtained in years with a cold spring and at a very early date of potato harvest. The considerable tuber yield increase in cultivation under non-woven polypropylene cover resulted in an decrease of unit costs and consequently, the cost-effectiveness of production was higher than without covering. In conditions favouring rapid potato growth, the application of covers increased unit costs, which made production less profitable than cultivation without covering.
Acceleration plant growth using non-woven polypropylene covers not only affected tuber yield quantity, but also contributed to improving of the tuber quality, especially by an increase in dry matter, potassium and phosphorus content in tubers and a decreased nitrate concentration.
